In order to estimate doses of workers exposed to plutonium, it is necessary to make assumptions about both the route and the time course of intake. The objective of this study was to determine a time course for the inhalation rate for plutonium (intake regime) useful for biokinetic modeling. Records from workplace air sampling, personnel biophysical examinations and autopsy data from former Mayak Production Association (MPA) workers were used. Plutonium accumulation strongly correlated with the volumetric activity of plutonium in workplace air. Using data from activity in air at MPA workplaces over time, a three-step function of intake was adopted. The adequacy of this three-step function was tested by comparing predicted doses using more complicated intake regimes. Uncertainties on the three-step function were also characterized based on air sampling data. The three-step function was assumed to be common to all workers, but an individual intake regime for each worker was calculated by convoluting it with the worker's actual employment history.
INTRODUCTION
Knowledge about temporal, physical and chemical characteristics of nuclides intake for the Mayak Production Association (MPA) workers is one of the most important conditions for accurate internal dose estimates. Such information defines the lung clearance of the nuclides and their distribution between respiratory tract and systemic organs at late dates after inhalation. Assumptions are made regarding the nature of the intake and nuclide properties in the absence of precise information about time and rate of intake. These characterizations can be one of the main sources of uncertainties for internal dose estimates based on results from post-exposure biophysical examinations. The purpose of this study was to derive an approximation of the intake regime (i.e., the time course of exposure from inhalation) that can be used to derive organ doses to workers exposed to plutonium aerosols.
Earlier, in Mayak Worker Dosimetry System-2008 (MWDS-2008), it was assumed that the time course of Pu inhalation intake was chronic, and exponentially decreasing with time (1) . The most likely time course of inhalation intake of a worker was defined by scaling an average group rate of intake, assigned to each workplace in the MPA (2) . In the updated MWDS-2013, this level of complexity is neither warranted nor necessary. Instead, a simple three-step function was derived, based on air sample data averaged across different workplaces. The adequacy of this approximation is justified by estimating doses both with the three-step function and with more complicated temporal representations based on MPA workplace air in different periods of MPA operations.
DEVELOPMENT OF A THREE-STEP FUNCTION TO APPROXIMATE INTAKE RATE

Analysis of volumetric activity of aerosols in workplace air
The MWDS-2013 intake regime for airborne plutonium was based on measurements of the annual volumetric activity (VA) of alpha-emitting radionuclides in workplace air. These data included annual VAs of alpha-active airborne aerosols in both the plutonium and radiochemical plants. Measurements were taken from 1948 to 2000. For historical reasons, VA values were in derived air concentration (DAC) units (3) . One DAC unit is equivalent to 3.2 × 10 -2 Bq m −3 (4) . It was found that for different MPA workplaces, the annual VA had a similar characteristics and pattern. For example, there were marked reductions in VA with time at both the plutonium and radiochemical plants (Figure 1 ). In the early years of MPA operations (late 1940s to mid-1950s), VA increased in workplace air. Considerable decreases followed during the next 20-30 years due to the introduction of zonal layout planning of process areas, improvement of equipment and other procedures aimed at improving sanitary conditions (5, 6) . Subsequently, the specific activities of alpha-emitting radionuclides were low and remained stable from the late 1980s to the late 1990s. The VA reduction patterns were similar for all workplaces of the plutonium plant, while at the radiochemical plant there were workplaces with stable/constant or even increasing VA values. The wearing of personal protective equipment (PPE) in the form of personal face masks ('lepestok' respirators) was made compulsory in 1957. Early studies of the 'lepestok' respirator performed at the MPA in 1960-70s show that the protection factors of these respirators depend on the air concentration (6) . At air contamination levels of around 200 DAC, the aerosol content under a respirator was reduced to background values (DAC = 3.2 × 10 -2 Bq·m -3
), at 500-1000 DAC it was reduced to 2-6 DAC (6) . Other estimates of the protection effects (7) indicate that during the period from 1958 to 1970 the use of PPE decreased the intake by a factor of about 5, and during the period from 1971 to 1977, by a factor of about 100.
The protection factors were estimated by the observed reductions in the accumulation of the radionuclides found in the MPA workers. These results indicated that actual intakes decreased ranged by a factor of 2.3-4 as a result of PPE use. In the radiochemical plant, the PPE factor decreased the nuclide inhalation intake by factor of about 2.9. This agrees with the measurement data of urine plutonium content of the radiochemical workers in 1956, which decreased by factor of about 1.5 compared with 1953. Likewise, the urine content of plutonium in 1958 decreased by factor of about 2-3 compared with those values in 1956 (6) . Since the PPE protection efficiency mainly depends on proper use, as well as concentration of aerosols in workplace air, the PPE average efficiency shows considerable variability. Nevertheless, it was assumed for this study that the use of PPE was best approximated by a reduction factor of 3. Therefore, all air concentrations after 1957 have been reduced to reflect this. The air concentrations therefore reflect the air to which the workers are actually exposed while wearing a mask.
Biophysical exam and autopsy data from former MPA workers were used to determine the dynamic of plutonium intake when compared with the dynamics of plutonium VA in workplace air. Figure 2a illustratesthe median plutonium content in a 24-h urine collection plotted against the year of examination for plutonium plant and radiochemical plant workers. Figure 2b provides median values of plutonium body burden determined at autopsies by the year of death for former plutonium plant and radiochemical plant. The comparison was performed for the individuals with natural excretion (meaning without Diethylenetriamine pentaacetate chelation) and without known acute intakes.
The decrease in the intake based on the bioassay and autopsy data agrees with the decrease in VA in workplace air ( Figure 2 ). The level of Pu intake for plutonium plant workers before the 1960s was an order of magnitude higher than that for the radiochemical plant workers, which is also in agreement with the VA data. The agreement between the decrease in the VA in workplace air and bioassay results (level of plutonium accumulation estimated based on the bioassay and autopsy data) justified the use of the aerosol VA data to define the intake regime.
Derivation of a general intake regime to be used for the MWDS-2013 cohort
In order to estimate intakes and doses, an assumption about the intake regime must be made. MWDS-2008 contained the assumption that the intake regime for inhaled Pu is chronic and exponentially decreased over time (1) . However, for MWDS-2013, it is proposed that the intake regime should be based on the measured air concentrations as a simplification. It is important to realize that the intake regime represents the ratios of exposure likely to be encountered in different years, but not the actual value of the intake. The actual value of the intake will be determined by fitting the model to urine measurements.
The analysis of data of annual VA of the alphaemitting radionuclides in workplace air and information about PPE use allow identification of three distinct time periods in the history of the MPA operation:
(1) From the start of the enterprise operation until 1957-the period of high aerosol VA and absence of PPE; (2) From 1958 until 1970-the period of decreased intakes of aerosol VA due to PPE use; The real data of VA were first modified in two ways (lines in Figure 3 ):
(1) The very high data point in 1950 was ignored as this was likely a result of measurement error.
(2) All of the data post 1957 was reduced by a factor of 3 to reflect the introduction of protection masks.
The annual VA measurements can be nicely represented by a three-step function with heights H1, H2 and H3 given by:
Note that the measurements of VA in Figure 3 represent averages of many different buildings: the actual variations are thus much larger than they appear. In order to represent uncertainty in the step function, uncertainty factors of 10, 10 and 2 were assumed to apply to the values of H1, H2 and H3, respectively. As the values of H(i) are assumed to be log-uniformly distributed (Table 1) , the uncertainty factor is the ratio of the upper bound to the reference value, or the reference value to the lower bound. Since the uncertainty associated with the step function is large enough to accommodate both the plutonium production facility and the radiochemical plant, only one step function is required for the intake regime for both facilities. Information in the following section indicates that the intake and dose estimates are relatively insensitive to the form of the step function. This further justifies the use of a single three-step function for all facilities. The three-step function is shown in Table 1 .
Sensitivity of doses to uncertainty in the intake regime
For the Mayak cohort, most of the measurement data consists of several urine measurements made at the end of the worker's work history, and these urine measurements are used to infer the intake and organ doses. Under these conditions, software such as IMBA Professional Plus (8) can be used to show that the total estimated intake is relatively insensitive to the intake regime assumed. However, for MWDS-2013, calculation of organ doses in each calendar year is necessary, and this may be more sensitive to the temporal pattern of intake. To examine the adequacy of the three-step function for approximating the more precise measurements shown in Figure 3 , an artificial simulation was performed. An MPA worker was assumed to be employed from 1950 to 2000, and the data were a single daily urine measurement made in 2010. The intake and annual doses for liver were calculated assuming (1) the three-step function, (2) the intake regime defined by the measurements of air concentration in the plutonium facility (assumed to be oxides) and (3) the function defined by the air concentrations in the radiochemical facility (assumed to be nitrates). The annual dose estimates for liver are shown in Figure 4 .
This example demonstrates that the three-step function adequately represents the temporal distribution of dose to the liver for both nitrates and oxides. The average percentage difference is about 3%. Similar comparisons of bone and lung doses also demonstrate adequacy of the three-step function (not shown).
The effect of the assumed uncertainty in the threestep function can also be evaluated as follows. Choose an intake regime that favors a higher early exposure (H1 highest, H2 and H3 lowest) and one that favors a higher later intake (H1 and H2 lowest, H3 highest). These two extremes will bound the uncertainty caused by the intake regime. Figure 5 shows the temporal absorbed dose to the liver (based on the exact intake regime) compared with the range of values expected within the assigned uncertainty of the three-step function.
It can be seen that exact liver doses lie between the extremes allowed by the uncertainty in the three-step function. When performing multiple realizations of dose, as is required by MWDS-2013, one would expect that for any single realization, the curve would lie somewhere randomly between the limits defined by the dashed lines in Figure 5 . Furthermore, it can be seen that the uncertainty in liver doses caused by the uncertainty in the three-step function dominates any discrepancies between the exact intake regime and the three-step function. This further demonstrates the adequacy of the three-step function. Similar conclusions can be drawn for lung and skeleton doses. Figure 6 shows the absorbed dose to AI region of the lung (based on the exact intake regime) compared with the range of values expected within the assigned uncertainty of the three-step function.
Derivation of a specific intake regime to be used for an MPA worker using MWDS-2013
An intake regime is formed based on a worker's individual occupational history. Approaches to derive intake scenarios to individual workers for both internal and external radiation sources are reviewed by Vasilenko et al. (9) The first and last date of intake for the MPA workers is assumed as follows: the main Pu intake occurred at the main plants (plutonium and radiochemical); therefore, the first and last dates of intake can be different from a worker's employment dates. Moreover, in the course of their career the majority of the MPA workers had transfers between workplaces, including from the main plants to and from the auxiliary plants. There was also a group of workers who worked at the auxiliary plants only but had plutonium intake, which was confirmed by the biophysical examinations data and radiochemical analysis of autopsy samples. Table 2 shows four possible variants of scenario of intake for a worker's transfer between workplaces (number of transfers varies from 0 to n).
For the individuals who worked at the auxiliary plants only, the first and last date of intake coincides with the first and the last date of employment at the MPA. The type of entered compound (oxide, nitrate or mixture) for each working period was assigned based on the data on aerosol transportability at the MPA workplaces. The assigned compound for the auxiliary plants is always a 'mixture'.
According to the working period, the fraction of intake and relative value of intake during a given period for each worker is calculated by the formula:
An example of a worker exposure history is presented in Table 3 .
Using this example, the last career period of a worker includes two work periods with different Figure 6 . Absorbed doses to AI region of the lung in each calendar year calculated using the exact intake regime defined by the air concentration measurements in Figure 3 (solid) and the range of temporal absorbed doses allowed by introducing uncertainty into the three-step function for (a) oxides and (b) nitrates. Figure 7 .
In the course of estimating dose, each worker is provided with his own intake scenario that reflects both his/her individual occupational history and the common three-step function of intake, obtained with the account for data on VA activity of alphaemitting radionuclides in workplace air.
CONCLUSIONS
For dose calculations performed using MWDS-2013, an MPA worker intake regime modeled with an appropriately applied three-step function is assumed. This paper shows how this function was derived based on VA air concentration measurements in the plutonium and radiochemical plants at the MPA. The adequacy of the three-step function for calculating the temporal delivery of dose to organs has been demonstrated. The three-step function mirrors the potential exposure to plutonium at the work locations, and so the actual intake regime of a worker can then be reconstructed with the actual work history. An example of how this is achieved is provided. Figure 7 . Example of intake scenario definition.
